Abstract. Patterning vast numbers of micro lenses on a surface increases technical importance to improve characteristics of optical parts such as liquid crystal displays. A cutting method using a diamond tool is examined to make a molding die by which array patterns of many micro lenses are molded. Realizing the cutting procedure, the developed machining system employs a cutting unit actuated by PZT and a synchronous control system of the cutting unit with a NC controller. The present paper investigates machining of micro lenses on the order of 2 kHz, using a piezo-actuated micro cutting unit. Experiments using this unit revealed that it is possible to machine a large number of micro lenses on a molding roll die for plastic film with high precision.
Introduction
In order to improve characteristics such as the brightness and contrast of liquid crystal displays and other devices, a micro lens array (MLA) patterned with tiny lenses with diameters of several micrometers to tens of micrometers is a required optical component. To improve the display performance, the shape and placement of the lenses must be optimized and a production process needs to be developed that can faithfully achieve the design specifications. Such MLAs may be formed directly by laser methods [1] , [2] or formed on a die surface and replicated on UV-curable resin [3] .
In particular, the latter method, which can efficiently produce films using a roll die, is used for film-type optical parts. In this production method, the development of a technique by which an MLA with a shape accuracy of 0.1 µm or better can be machined on a roll die is important.
The objective of this study is to develop a high-speed MLA machining technique for ultra-precision cutting. Thus far, there has been one report on the machining of lenses with diameters of several hundred micrometers [4] . However, the preparation of grinding stones for the machining of lenses several micrometers to tens of micrometers in size has been difficult. In addition, research aimed at developing methods of improving ultra-precision cutting of non-axisymmetric and aspherical surfaces has been carried out [5] . However, the machining speed needs to be faster in order to handle large numbers of lenses. In order to achieve high-speed machining, a micro positioning tool post using a piezoelectric actuator, which can move the tool at a high speed, has been reported [6] . In addition, there is a report of the development of a fast machining unit driven by a linear motor [7] . However, there have been few studies on the shape and placement accuracy of lenses. In this study, an MLA machining system was developed, in which a piezo-actuated micro cutting unit and a roll turning unit are coupled. In addition, the shape and placement accuracy of the micro lenses and the optical properties of a prototype MLA reflector plate were experimentally investigated. Figure 1 shows the die machining method used in this study. The die is cut using a diamond tool having a contoured shape identical to the lens cross-sectional profile. On this occasion, the tool path in the cutting direction is controlled so that it has the same curve as the lens cross-sectional profile, and the lens shape is cut out in a single path at a prescribed location. A patterned MLA is formed on the die surface by pitch indexing and repeated cutting. The target lens shape is shown in Fig. 2 . The top view is shown in Fig. 2(a) and the cross-sectional profile is shown in Fig. 2(b) . The diameter of the lens is 16 µm and the depth is 1 µm, and the cross-sectional profile is an elliptical curve. In this study, the target value for the shape accuracy is 0.1 µm or better, and the placement accuracy of the lens is ±1 µm or better. 
Machining method of MLA

Machining method of lenses
Experimental Method
Experimental apparatus Figure 3 shows the appearance of the experimental apparatus. A roll turning unit (A-axis) is added to the ultra-precision machine equipped with an X-Y table and a cutting axis (Z-axis). On the Z-axis, a micro cutting unit with an integrated piezo element is installed, and a diamond tool is mounted on the piezo head. In the experiment, the stroke lengths along the X, Y, and Z axes were 400, 220, and 150 mm, respectively. The positioning accuracies were all ±0.13 µm. The repetitive positioning accuracies were 0.07 µm along the X and Y-axes, and 0.05 µm along the Z-axis was. The roll turning unit was set so that the X-axis is the pitch indexing direction. An overview of the roll turning unit is shown in Fig. 4 . The rotating shaft supporting system uses static air pressure bearings, and the roll die is supported by live centers. An A-axis drive motor is coupled to the static air pressure bearing. The rotation driving force to the roll die is transmitted through two carriers installed in the periphery of the live center, and the live center on the tailstock side is co-rotated with it. In addition, the bearing on the tailstock side is slidable along the X-axis direction, and it supports a roll die by pressing with a constant pressure. The diameter and length of the roll die used in this experiment are 130 and 400 mm, respectively. The main experimental conditions are shown in Table 1 . The roll die is made of Cu-plated stainless steel (thickness: 100 µm). Before the machining of lenses, the surface was mirror finished with a diamond tool with a R5 mm nose to a maximum roughness of 0.05 µm Rz. Then, the lenses were machined with a cutting edge diamond tool having the same contour as the elliptical shape shown in Fig. 2(b) . Fig. 5 shows the photograph of tool in lens cutting and measurement of form error. Images were recorded of the tool rake surface (magnification: 1000 times), and the coordinate values of the cutting edge were sequentially processed. The difference from the designed shape was measured as the contour accuracy (resolution: 0.01 µm) of the cutting edge. The contour accuracy of the cutting edge used in this experiment was 0.07 µm. Under the machining conditions shown in Table 1 , a roll die was cut to a circular cylinder, and the edge run-out was measured with a laser displacement meter (resolution: 0.01 µm). The results are shown in Fig. 6 . From the figure, the run-out of the standard machined surface is 0.1 µm or less. 
Lens machining with micro cutting unit
Specifications of micro cutting unit Fig. 7 shows the photograph of the micro cutting unit, and its specifications are shown in Table 2 . Because of the reduction in size and mass of the driving section, high-speed driving at 2200 Hz is possible [7] . The section inside the broken line in Fig. 7 is the section to be driven. At the top of this section, a diamond tool was installed, the displacement of tool was measured with a non-contact position sensor, and correction of the depth of cut was carried out. Control section of micro cutting unit The machine used in this experiment and the configuration of the micro cutting unit are shown in Fig. 8 . In order to synchronously control both, a rotation position sensor was installed at the rotation driving section of the roll turning unit. This sensor outputs a trigger signal, which is input to the control section of the micro cutting unit to drive the diamond tool. At the same time, the trigger signal is input to the waveform signal generator through the control PC, and the waveform signals are output to the amplifier for the piezo element driver. When lenses are being cut, the A-axis is rotated at a constant speed while the diamond tool installed on the micro cutting unit is moved up and down, with a total amplitude of 3.6 µm, at a prescribed frequency. On this occasion, the lowest 1 µm range of the total amplitude (3.6 µm) of the tool is used for cutting. Measurement method for MLA The shape accuracies in the cutting and indexing directions, shown in Fig. 1 , were measured. For the measurement, a white-light interferometric 3D profile-measuring instrument (Zygo NewView 200) was used. Because of the limitations of the measuring instrument, it is difficult to directly measure the roll die. Therefore, the machined lens surface was replicated on UV-curable resin, and the obtained shape was measured. For the MLA placement accuracy, a microscope (resolution: 0.1 µm) was installed on the machine, and the center positions of the micro lenses were measured.
Experimental Results
Lens machining with micro cutting unit
Driving characteristics of micro cutting unit Fig. 9 shows a result of displacement accuracy in a tool path with the condition which drove by micro cutting unit. A sine wave of drive frequency was 2200 Hz and tool amplitude was 3.6 mm. An error with the order value was measured. Fig. 9(a) shows displacement of the W axis and a time. Fig. 9(b) shows an error with the order value. As a result of Fig. 9(b) , a error to the order value is 0.01 mm more in the cutting area of the lens. An error occurs at the top part of a sine wave. At this part a change of acceleration and deceleration was biggest, and this is reason why the error was big. Results for lens surface machining and placement accuracy The lens surface was machined in an aligned placement on the cylinder surface of Fig. 10 . The driving frequency was 2200 Hz. The pitch of the cutting direction was 43 µm, and the pitch in the indexing direction (X-axis) was 30 µm. The maximum value for aligned placement (10 columns) shown in Fig. 10 was defined as the placement error. As a result, the placement error in the cutting direction was 1.8 µm or less, and that in the indexing direction was 0.5 µm or less. Variation in the output of the rotation position sensor is considered to be a possible cause of the large placement error in the cutting direction. Fig. 11 shows a photograph of tip in lens cutting. Shape accuracy of micro lens Fig. 12 shows the lens cross-sectional profile in the A-axis and X-axis directions and also shows the errors from the design values. As seen in Fig. 12(a) , the lens surface form error in the A-axis direction is 0.1 µm, and it is approximately axisymmetric around the deepest section of the machined lens. The form error in the X-axis direction, shown in Fig. 12(b) , was calculated from the tool profile, and is 0.1 µm, similar to that in the X-axis direction. Fig. 13 illustrates the MLA pattern machining method. Lenses were placed irregularly within the unit areas. The MLA pattern over the entire machining area was formed by unit areas placed by a row and column wise. For the repeated pattern, the A-axis was used as the cutting direction, and the X-axis as the indexing direction. In a single machining pass, lenses of an identical coordinate, within a unit machining area, were cut in a row with the X coordinate position kept constant. Indexing was executed in the X direction to process all the lens surfaces within the unitary processing areas. This same procedure was repeated to complete the machining. By using this method, it was possible to simplify the coordinate setting compare with the way to place lenses irregularly over the entire machining area. The appearance of the roll die after machining and an enlarged photo of the machined MLA pattern are shown in Fig. 14 
Results of pattern machining
Evaluation results of optical properties for die-replicated product
A replicated reflector film of UV-curable resin was prepared from the machined roll die, and a reflector plate (15 mm × 15 mm) was cut out from this film. This reflective material was coated with aluminum to a film thickness of 0.2 µm by a vacuum vapor deposition method to obtain a reflector plate. The measurement method for the reflection characteristics is shown in Fig. 16 . A luminance meter is fixed at a tilt angle of 10° against the measurement sample, and the luminance of the reflected light is measured by rotating the light source. In this measurement, the specular reflection condition is when the angle between the luminance meter and the optical axis of the light source is 20°. The luminance change was measured by setting the angle of the specular reflection condition to be 0° and moving the light source from 0° to 30°. In addition, the sample was rotated in 45° steps in the horizontal direction and the luminance distribution was measured through a full 360°. The average value was calculated, and the results are shown in Fig. 17 . The luminance is shown by the relative value with respect to the measured luminance of a standard white reflector plate. In the figure, the measurement results for a random roughness pattern prepared by conventional sandblasting are also shown for comparison. In the reflected luminance distribution of the pattern prepared by the conventional machining method, the specular reflection component of 0°-3° is strong, and the luminance decreased at 3° or more. This is because the top section of the pattern is flat. On the other hand, in the case of the MLA pattern, the luminance distribution is concentrated in the range of 0°-15°. Thus, with the MLA reflector plate obtained in this experiment, an almost uniform luminance distribution can be obtained in a range about 3 times larger than that for the conventional method. 
Conclusion
In order to produce highly accurate MLA, which are used for liquid crystal displays, the shape accuracy and placement accuracy of the micro lenses and the MLA optical properties were experimentally investigated, and the following conclusion were obtained.
(1) A micro cutting unit mounted on a piezo element and a roll turning unit with a rotation accuracy of 0.1 µm or better were experimentally prepared. With this machine, an MLA (φ16 µm × depth 1 µm, elliptical shape) with aligned micro lenses with a pitch of 43 µm×30 µm was machined on the roll die surface with a frequency of 2200 Hz. As a result, a lens shape accuracy of 0.1 µm and a placement accuracy of 1.8 µm were achieved. The reflected luminance distribution of the MLA film formed with the above-described roll die was measured. It was found that the almost uniform luminance distribution range could be expanded about 3 times compared to that of a conventional sandblasted film.
